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IN TRO DUC TION
Sand and gravel ag gre gate is an in creas ingly valu able com -
mod ity for use as beach re plen ish ment along erod ing shore lines.  
This is the fi nal pro ject of a se ries de vel oped to as sess sand-res -
er voir vol umes near Maine’s erod ing beaches as part of the Con -
ti nen tal Mar gins Pro gram spon sored by the Amer i can
As so ci a tion of State Ge ol o gist and the Min er als Man age ment
Ser vice.  
Pre lim i nary work by the Maine Geo log i cal Sur vey in di -
cated that three ma jor re pos i to ries for sand and gravel along the
south-cen tral Maine in ner con ti nen tal shelf lie: (1) di rectly off -
shore of ma jor sand beach sys tems, (2) along the sur face of
paleodeltas be tween the mod ern beach and the lowstand-shore -
line po si tion, and (3) near the late Qua ter nary lowstand-shore -
line po si tion of 40-60 m depth. This re port pres ents re sults of a
geo phys i cal and cor ing in ves ti ga tion of sand vol umes in those
en vi ron ments at the mouths of the Kennebec and Penobscot
Rivers, Maine (Fig ure 1).
STUDY  AREAS  AND  PREVIOUS  WORK
Kennebec River Mouth
The Kennebec River mouth is lo cated in the In dented
Embayments coastal com part ment of south-cen tral Maine (Fig -
ure 1; Kelley, 1987).  This re gion is char ac ter ized by elon gate
bed rock pen in su las sep a rated by nar row es tu ar ies.  The
Kennebec River en ters the sea through a bed rock-con trolled in -
let east of Cape Small (Fig ure 2). To ei ther side of the river mouth 
are ex ten sive sand beaches pro tect ing back-bar rier salt marshes.
The area sea ward of the Kennebec River mouth has been
called a Nearshore Ramp be cause of the gen er ally coast-par al lel
bathymetric con tours and sandy seafloor (Fig ure 2; Kelley and
oth ers, 1989).  The reg u lar sea ward slope of the bot tom is in ter -
rupted by many small is lands and rocky shoals, which trend
shore-nor mal from Reid Beach, the Kennebec River mouth, and
Cape Small.  The reg u lar spac ing of the bathymetric con tours
ter mi nates abruptly to the east in the deep, muddy Shelf Val ley of 
the Sheepscot River.  To the south and west the seafloor be comes
rocky and muddy at the 70 and 30 m isobaths, re spec tively. 
Schnitker (1974) con ducted the first geo log i cal in ves ti ga -
tion of this re gion.  He rec og nized, in seis mic re flec tion pro files,
that the reg u lar sea ward slope off the river mouth ended around
65 m depth in a “berm,” or shore line formed at the late Qua ter -
nary lowstand po si tion of sea level.  Sub se quent geo phys i cal ob -
ser va tions gen er ally con firmed this ob ser va tion and de fined the
over all mor phol ogy of the area as a “paleodelta” (Belknap and
oth ers, 1986; Shipp and oth ers, 1991).  Bot tom sam ples and side
scan so nar ob ser va tions al lowed ini tial map ping of the full ex -
tent of the sandy paleodelta (Kelley and oth ers, 1987), which
was later made the tar get of a side-scan so nar mo saic (Fig ure 3;
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Barnhardt and oth ers, 1996; in press).  Sand cov ers the en tire
sur face of the paleodelta near the shore line and is re placed by
sandy gravel and gravel in an off shore di rec tion.  Sand gen er ally
crops out along the out er most area of the paleodelta ex cept
where bed rock oc curs (Fig ure 3).
More re cent, de tailed seis mic re flec tion stud ies or ga nized
the lo cal stra tig ra phy into se quences de fined by de po si tion be -
fore, dur ing, and af ter sea-level changes (Belknap and oth ers
1989).  Gla cial till is not com mon in the area, but a thick sec tion
of gla cial-ma rine sed i ment is in ter preted to rest on bed rock
across the re gion.  This ma te rial ap par ently changes from gla -
cial-ma rine to ma rine, deltaic, and estuarine ma te rial to ward the
top of the sec tion (Barnhardt, 1994; Kelley and oth ers, 1992). 
Pre vi ously col lected cores re vealed ma te rial dated at 11,550 yr
B.P. from gla cial-ma rine sed i ment and be tween 7,270 to 9,700 yr 
B.P. from ma rine/estuarine ma te rial (Kelley and oth ers, 1992). 
At the 55 m isobath on the east side of the paleodelta and the 30 m 
isobath on the west side, steeply dip ping clinoform re flec tors de -
fine the sea ward edge of the for mer delta (Fig ure 4; Kelley and
oth ers, 1992).  A prom i nent un con formity at the sur face of the
gla cial-ma rine ma te rial is over lain by pa limp sest sand and
gravel above the mod ern ravinement sur face.  The pri mary cor -
ing goals off the Kennebec River mouth were to eval u ate the
thick ness of sand above the ravinement sur face and in the
lowstand-shore line re gion.
Penobscot River Mouth
The Penobscot River en ters the sea in the Is land-Bay
coastal com part ment (Fig ure 1; Kelley, 1987).  The bays of this
area are pro tected by many rocky is lands with nu mer ous tidal
flats and gravel beaches.  It is no ta ble that this re gion pos sesses
rel a tively few sand beaches de spite the pres ence of the
Penobscot River.
The seafloor is rel a tively com plex in this re gion, with ex -
ten sive, shal low Rocky Zones sep a rated by deep Shelf Val leys
(Fig ure 5; Kelley and Belknap, 1989).  At the up per reaches of
Penobscot Bay there is a Nearshore Ba sin cov ered with mud. 
Nat u ral gas has erupted from this ba sin and cre ated one of the
larg est pock mark fields in the re gion (Kelley and oth ers, 1994).
Ostericher (1965) com pleted the first bot tom sam pling,
seis mic re flec tion and cor ing pro ject in Penobscot Bay.  He rec -
og nized gla cial-ma rine sed i ment as the larg est com po nent of the
strati graphic col umn.  He cor rectly iden ti fied the transgressive
un con formity and ob tained a ra dio car bon date from wood near
its sur face.  Knebel and Scanlon (1985), Knebel (1986) and
Scanlon and Knebel (1988) doc u mented the late Qua ter nary his -
tory of the bay from ad di tional seis mic re flec tion re cords.  They
rec og nized re gres sive and transgressive “flu vial” de pos its from
the Penobscot River in the up per bay.  Scanlon and Knebel
(1988) were also the first to de scribe the Penobscot Bay pock -
mark field and con sider its or i gin.  Kelley and Belknap (1989)
syn the sized geo phys i cal re cords from the area, gath ered bot tom
sam ples from the bay and pro duced a surficial sed i ment map. 
This map had lit tle con trol in the up per bay area, and a goal of
this pro ject was to col lect more seis mic re flec tion data and cores
to lo cate Penobscot River lowstand deltaic de pos its.
SEISMIC  STRATIGRAPHIC  AND  CORING 
METHODS
Seis mic re cords were col lected with an ORE Geopulse
Boom er seis mic sys tem.  Vibracores were gath ered with
Rossfelder P-5 and P-6 Un der wa ter Vibracorers (Fig ures 6, 7).
Nav i ga tion was with LO RAN-C, with co or di nate trans for ma -
tion to lat i tude/lon gi tude through LORCON (J. Stew art, NOAA, 
per sonal com mu ni ca tion).  All spa tial data were en tered into the
Arc/Info Geo graphic In for ma tion Sys tem (GIS), where cal cu la -
tions of sand vol ume were made.
Fol low ing col lec tion, the vibracores were sealed in their
lin ers un til reach ing the Uni ver sity of Maine’s sedimentology
lab o ra tory.  There, the cores were de scribed and pho to graphed. 
Subsamples were re moved for tex tural and ra dio car bon anal y -
ses.
Pre vi ous work in the Gulf of Maine re lat ing geo phys i cal
re cords to sub mers ible and cor ing ob ser va tions has led to con fi -
dence in our in ter pre ta tion of seis mic data (Belknap and oth ers,
1989; Shipp, 1989).  In most re gions, acous tic base ment is crys -
tal line bed rock, which of ten ex hib its tens of me ters of re lief over
short hor i zon tal dis tances.  It is of ten over lain by till, which is
some times in dis tin guish able from bed rock on seis mic re cords. 
Gla cial-ma rine sed i ment (lo cally called the Presumpscot For ma -
tion (Bloom, 1963)) may over lie till or bed rock, and in most re -
gions forms the larg est por tion of the Qua ter nary sec tion.  The
gla cial-ma rine sed i ment is gen er ally muddy and ap pears as an
acous ti cally trans par ent seis mic unit with par al lel acous tic re -
flec tors ei ther draped or ponded over the un der ly ing ma te rial
(Belknap and oth ers, 1989; Kelley and oth ers, 1989). This unit
was rec og nized in many cores and seis mic lines from ear lier
stud ies off the Kennebec River and in Penobscot Bay (Kelley
and oth ers, 1987, 1990, 1992, 1994; Kelley and Belknap, 1989). 
Un con form ably over ly ing the gla cial-ma rine ma te rial, rel a tively 
thin units of estuarine and deltaic sand or mud are com mon
(Barnhardt, 1994; Barnhardt and oth ers, 1997).  In Penobscot
Bay, Ho lo cene mud dom i nates the nearshore re gion and is of ten
charged with nat u ral gas (Kelley and oth ers, 1994), while sand
dom i nates the seafloor off the Kennebec River (Kelley and oth -
ers, 1987).
RESULTS
Kennebec River Mouth
Seis mic lines across the east delta were ori ented nor mal to
the isobaths which dip steeply from the coast line into the shelf
val ley of the Sheepscot River (Fig ure 6).  Pro nounced clinoform
re flec tors, in ter preted as foreset beds (Fig ures 8, 9), over lie
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draped re flec tors of gla cial-ma rine ma te rial.  The clinoform re -
flec tors were not cored be cause of their in ferred coarse grain
size.  Core VC93-06, col lected land ward of the clinoform re flec -
tors, yielded less than 2 m of rel a tively uni form me dium sand
with shell beds (Ap pen dix A).  Cores from sea ward of the
steeply dip ping re flec tors failed to reach sand and re turned up to
6 m of Ho lo cene mud (Ap pen dix A).
To the south, the dip of the clinoform re flec tors be comes
more gen tle and the sed i ment thick ness is greater (Fig ures 10,
11).  Two cores (VC93-08, 09) pen e trated less than 0.5 m of well
sorted me dium sand over ly ing finer sand with up to 14% mud
(Ap pen dix A).  The basal un con formity was in ter preted to sep a -
rate the up per clean sand and lower muddy sand (in ter preted as
gla cial-ma rine, Fig ure 10).  The lowstand-shore line com plex
was pen e trated by core 92-13 in 53 m depth (Fig ure 11).  Al -
though pre dom i nantly sandy, this core con tained from 3% to
95% mud.  A shell of Nucula tenuis was dated at 10,850 yr B.P.
mark ing the time of the lowstand of the sea (Barnhardt and oth ers,
1995, 1997).  Core VC93-17 was col lected from a sim i lar lo ca tion
and pos sessed a sim i lar re cord of muddy sand ac cu mu la tion (Fig ure 
12).
In the mid-delta re gion many cores al lowed def i ni tion of
the ex tent of sand bod ies.  In deeper wa ter near the lowstand
shore line, cores VC93-02 and 03 con firmed the sand and gravel
tex ture in ferred for the clinoform re flec tors ob served on seis mic
pro files (Fig ure 13; Ap pen dix A).  Over much of the cen tral area
of the delta, how ever, only a thin de posit of sand rests over gla -
cial-ma rine sed i ment (Fig ures 14, 15; Ap pen di ces A, B).  Cores
VC92-13 and 14 pen e trated less than 50 cm of rel a tively well
sorted sand over muddy gla cial-ma rine sed i ment (Fig ures 15,
16).
Nearshore Ho lo cene sed i ment forms a wedge-shaped de -
posit over gla cial-ma rine sed i ment (Fig ures 17, 18, 19).  Al -
though sand dom i nates the up per part of cores, ma te rial be comes 
mud dier with depth (Ap pen dix A).  Dates from many fos sils sug -
gest that the lower, mud dier part of the Ho lo cene re cord is
estuarine sed i ment, and estuarine seis mic fa cies were in ter preted 
on the ba sis of this (Fig ures 17, 18, 19).
In the west delta, clinoform re flec tors are in much shal -
lower wa ter (30 m; Fig ures 20, 21) than else where in the re gion. 
In ad di tion, to the north west, clinoform re flec tors dipped in op -
po site di rec tions around a bed rock pin na cle (Fig ure 20).  All
cores con tained 100% sand, as had other cores pre vi ously gath -
ered from this area (Ap pen dix A; Kelley and oth ers, 1992).
Penobscot River Mouth
Cores and seis mic lines were col lected in ar eas of
Penobscot Bay that held some prom ise of pos sess ing sandy de -
pos its.  Be cause of the scar city of sandy beaches in the re gion, it
was as sumed that less sand would be avail able than off the
Kennebec River mouth, even though the Penobscot River is
com pa ra ble in size to the Kennebec River.
All of the area in Bel fast Bay (Fig ure 7) is over lain by
muddy sed i ment charged with nat u ral gas.  Seis mic lines through 
the area (Fig ure 22) show lit tle of the deeper subbottom ge ol ogy
be cause of at ten u a tion by gas.  Gas-es cape pock marks are com -
mon fea tures in the fine-grained sed i ment of the area (Fig ure 22;
Kelley and oth ers, 1994).  Even in the south ern por tion of the
bay, where gas es cape has ex ca vated deep holes into the Ho lo -
cene sed i ment, no sand was ob served.
In the main chan nel of Penobscot Bay, mud cov ers the bot -
tom to a depth of sev eral me ters, but Ho lo cene sed i ment rests un -
con form ably in a chan nel cut into gla cial-ma rine sed i ment
(Fig ure 23).  This ma te rial also con tains ap pre cia ble mud with
muddy gravel at the sur face of the basal un con formity (Fig ure
23, Ap pen dix B).
Sand Vol ume and Qual ity
De spite its size the Penobscot River does not pos sess a
sandy deltaic de posit as do other large streams in the re gion like
the Kennebec and Saco Rivers.  There is an estuarine sed i ment
fa cies over ly ing gla cial-ma rine sed i ment, but it is an un at trac tive 
sand re source be cause (1) it is cov ered by Ho lo cene mud ev ery -
where, and (2) it pos sesses an av er age sand con tent of only 65%,
with a sig nif i cant com po nent of both mud and gravel (Ap pen dix
B).  The lack of a sandy, sub merged delta sea ward of the
Penobscot River ex plains the ab sence of sand beaches in the bay,
but leaves open the ques tion of where the Penobscot River’s
lowstand delta does ex ist, or why no such de posit was formed.
A very large vol ume of sed i ment ex ists off the Kennebec
River mouth (Fig ure 24).  The thick est de pos its oc cur in deep
bed rock chan nels which trend gen er ally in a shore-nor mal di rec -
tion.  More than 40 m of sed i ment ex ists in sev eral lo ca tions
where deeply eroded bed rock pro vided ac com mo da tion space
for large vol umes of Qua ter nary sed i ment.  Seis mic re flec tion
pro files sug gest that most of the sed i ment com pris ing the
paleodelta, how ever, is prob a bly muddy gla cial-ma rine ma te rial
(Fig ure 25).  
Rest ing un con form ably above the gla cial-ma rine sed i ment 
is the sand ier, estuarine sed i ment.  An isopach map of this seis -
mic fa cies (E) shows that nearshore re gions con tain de pos its up
to 15 m thick (Fig ure 26).  Al though in places this seis mic unit is
cov ered by Ho lo cene sand (unit SG), it ap pears to crop out over
wide ar eas in the 15m - 25m depth range.  Like its coun ter part in
Penobscot Bay, how ever, the estuarine sed i ment is not an im por -
tant sand re source be cause it av er ages only 66 % sand with sub -
stan tial mud (Ap pen di ces A, B).
The best sorted sand within the paleodelta is found in the
shoreface, out to a depth some what greater than 30 m (Fig ure
27).  Sea ward of this depth a rip pled gravel lag de posit cov ers the 
seafloor (Fig ure 4) and is un der lain by the muddy estuarine fa -
cies (Fig ure 25).  Sim i larly, in the 50-60 m depth range, sandy
ma te rial is un der lain by muddy sed i ment in many places.
To eval u ate the vol ume of nearshore sand, the shoreface
was di vided into 6 com part ments (Fig ure 27). There were too
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few seis mic lines within these com plex, bed rock-framed com -
part ments to isopach the sand thick ness.  In stead, each com part -
ment was fur ther sub di vided into 10 m depth in ter vals, a to tal of
15 re gions (Fig ure 27; Ta ble 1).  The area of each of these re gions 
was mea sured, with the area of rock in each re gion sep a rately
mea sured and sub tracted.  Fi nally, the av er age thick ness of sand
on rep re sen ta tive seis mic lines was used to es ti mate the thick -
ness of each re gion (Ta ble 1).
The to tal vol ume of sand is greater than 300 mil lion cu bic
me ters (Ta ble 1).  Com part ment D, to the west of the pres ent
river mouth, con tains the great est thick ness of sand in filled flu -
vial chan nels and as part of the shoreface wedge (Fig ure 19), and
rep re sents al most half of the “clean” sand in the paleodelta. Rel a -
tively large quan ti ties of sand also ex ist in area C, as part of the
pres ent (and past?) tidal delta of the Kennebec River.
The com plex evo lu tion of the deltaic de pos its of the
Kennebec and Penobscot Rivers in terms of re gres sive and
transgressive stra tig ra phy is de scribed in Barnhardt and oth ers
(1997).
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                       Fig ure 1.  Lo ca tion of the Kennebec and Penobscot River mouths within the Gulf of Maine.
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Fig ure 2.  Bathymetry near the mouth of the Kennebec River, Maine (af ter Barnhardt, 1994). 
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Fig ure 3.  Surficial sed i ment off the Kennebec River mouth.
Sand and gravel aggretate in submerged paleodeltas
9
.)4991 ,tdrahnra
B 
morf( atledoelap fo seni lerohs dnats
wol ssorca seli forp ci
 msies deter pre tnI  .4 er ugiF
J. T. Kelley and others
10
Fig ure 5.  Bathymetry of Penobscot Bay (from Kelley and Belknap, 1989).
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Fig ure 7.  Map of Penobscot Bay show ing the lo ca tion of seis mic lines and vibracores.
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Fig ure 8.  East delta shore line at ap prox i mately -30 m.  Note the steeply dip ping clinoform re flec tors (from Barnhardt, 1994).
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Fig ure 9.  East delta shore line at ap prox i mately -35 m.  It is dif fi cult to re solve s/g on the sur face of
the paleodelta (from Barnhardt, 1994).
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Fig ure 10.  East delta seis mic pro file show ing thick sed i ment de posit with lit tle surficial sand (from Barnhardt, 1994).
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Fig ure 13.  Lowstand shore line in the mid-delta area.  The two vibracores pen e trated sand and gravel from deltaic sed i ment (from
Barnhardt, 1994).
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Fig ure 14.  Seis mic pro file show ing thick sec tion of gla cial-ma rine sed i ment.  Vibracore VC92-02 pen e trated muddy  gla cial-ma rine
sed i ment just more than 1 m be neath the sur face (from Barnhardt, 1994).
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Fig ure 15.  Seis mic pro file over the mid-delta re gion show ing the thin na ture of the s/g seis mic unit where it over lies a thick sec tion of
gla cial-ma rine sed i ment (from Barnhardt, 1994).
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Fig ure 16.  Seis mic pro file show ing rel a tively thick de posit of gla cial-ma rine sed i ment over lain by thin ner de posit of Holocene sand
(from Barnhardt, 1994).
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Fig ure 18.  Seis mic pro file with vibracore in Ho lo cene shoreface wedge (from Barnhardt, 1994).
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Fig ure 19.  Seis mic pro file across nearshore wedge of Ho lo cene sed i ment.  Vibracore failed to pen e trate to gla cial-ma rine sed i ment
(from Barnhardt, 1994).
Sand and gravel aggretate in submerged paleodeltas
25
Fig ure 20.  Seis mic pro file show ing clinoform re flec tors dip ping in op po site di rec tions around a bed rock out crop.  A shore line at
about 20 m depth is also vis i ble as well as the only nat u ral gas (ng) ob served on the paleodelta (from Barnhardt, 1994).
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Fig ure 21.  Seis mic line across clinoform re flec tors on west delta (from Barnhardt, 1994).
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Fig ure 24.  A) Struc ture con tour map of bed rock sur face off Kennebec River mouth; B) Isopach map of to tal sed i ment thick ness (from
Barnhardt, 1994).
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Fig ure 25.  In ter pre ta tions of seis mic re flec tion pro files, all dig i tized to a com mon ver ti cal ex ag ger a tion of 25x (from Barnhardt,
1994).
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Fig ure 26.  Isopach map of the estuarine fa cies of the Kennebec River paleodelta (from Barnhardt, 1994).  As ter isks = cores; shaded
ar eas = sur face or near-sur face (<2 m) bed rock; black squares = con trol points (from seis mic).
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Ap pen dix A. De scrip tion of Vibracores.
Kennebec River Paleodelta
J. T. Kelley and others
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
J. T. Kelley and others
40
Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix A. De scrip tion of vibracores (continued).
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Ap pen dix B. De scrip tion of Vibracores.
Penobscot Bay
J. T. Kelley and others
48
Ap pen dix B. De scrip tion of vibracores (continued).
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Ap pen dix B. De scrip tion of vibracores (continued).
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Ap pen dix B. De scrip tion of vibracores (continued).
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Ap pen dix B. De scrip tion of vibracores (continued).
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